INTRODUCTION
Interest in gallium phosphide epilayers stems from the fact that such layers can be used to fabricate opto electronic devices for the visible range [1] . On the other hand, doping of III-V compounds with lan thanides has considerable potential from the view point of application of such materials in the develop ment of light sources for optical fiber communication systems [2] [3] [4] .
Available data on the microhardness of III-V epil ayers are contradictory. In particular, Arbenina and Kabanova [5] reported GaAs epilayers grown from an ytterbium containing high temperature solution to have an increased hardness (by up to 25%). At the same time, Kulish et al. [6] did not detect such micro hardness changes upon lanthanide doping of GaAs epilayers. Moreover, lanthanides were found to differ markedly in behavior: Gd doping led to hardening of the epilayers, Tb had little effect, and Dy reduced the microhardness of the epilayers. Note that data on the micromechanical properties of rare earth doped GaP are not available in the literature.
The study of the physicomechanical properties of epilayers is of great current interest because, during the fabrication of semiconductor devices (scribing, pack aging, etc.), epitaxial structures are subject to mechanical stress, which may lead to buckling and microcracking. These processes depend significantly on the strength of epilayers and reduce the yield of devices to specification.
The purpose of this work was to study the physico mechanical properties of GaP epilayers doped with Dy during liquid phase epitaxy and to assess the effect of Zn doping on the strength of the GaP〈Dy〉 epilayers.
EXPERIMENTAL
We used microindentation to investigate the physi comechanical characteristics (microhardness, micro brittleness, and fracture toughness) of GaP epilayers (6-9 µm in thickness) produced on GaP〈S〉 substrates ((111)B orientation) and doped with Dy during the growth from indium based high temperature solu tions in the temperature range from 850 to 975°C. The cooling rate of the high temperature solutions was 1°C/min. The Dy concentration in the high temper ature solutions was varied in the range 0.05-1.5 wt %.
The parameters of the epilayers are listed in Table 1 . In all of the epilayers, the percentage of indium, an isovalent background impurity, approached its solubil ity in GaP (~1 wt %).
Zn doping of the epilayers (Table 1 , samples 3, 4) was performed through diffusion at 600°C for 4 h. For a number of samples, to remove volatile background impurities and obtain extrapure epilayers (Table 1 , sample 4) the reactor was taken apart and then reas sembled, and a supersaturated high temperature solu tion was repeatedly (up to five times) held at a high Abstract-The physicomechanical properties of GaP epilayers grown by liquid phase epitaxy from indium based high temperature solutions have been studied using microindentation. The results demonstrate that the growth of GaP epilayers from indium based high temperature solutions leads to a reduction in their microhardness, microbrittleness, and fracture toughness. The addition of a rare earth dopant to a high tem perature solution has an ambiguous effect on the strength of the epilayers. Low rare earth concentrations may both reduce and increase the microhardness of the epilayers, depending on epitaxy conditions. The random microhardness distribution of samples containing rare earth inclusions has two peaks: one due to the rare earth inclusions, and the other due to the region with a relatively low lanthanide concentration. DOI: 10.1134/S0020168512070047 ). The addition of Dy to the high tempera ture solution sharply reduced the carrier concentra tion (to the point of type inversion) and resulted in a nonuniform carrier distribution over the epilayers at high Dy concentrations.
Microhardness (Н) was measured by a standard technique using a PMT 3 tester fitted with a square pyramidal diamond indenter tip with an apical angle α = 136°. The indentation load (Р) was varied from 0.5 to 2 N. Experimental data were analyzed using standard statistical methods [8] . Each of the data points given below was obtained as the average of at least 30 repeated microhardness measurements in one series. If microhardness data followed a normal (Gaussian) distribution, we determined the root mean square error of the average Н value, where is the variance of the measured Н i values for n ≥ 30.
In comparing the average microhardness values of the unprocessed substrates (Н 0 ) and epilayers (H EL ), we assessed the statistical significance of an accepted hypothesis as to whether or not they differed using Student's t test [8] :
Analysis of experimental data obtained for GaP single crystals showed that, at relative microhardness
of the values obtained using Student's t test indicated that, at a number of degrees of freedom n = n 0 + n ТО -2 = 30 + 30 -2 = 58, there was a confidence level above 95% for accepting the hypothesis that the mutually corresponding Н 0 and H EL values in each pair belonged to samples from dif ferent general populations, that is, differed signifi cantly. According to the above, the uncertainty in our microhardness measurements was 2.5% (at a 95% confidence level). Microbrittleness (Z) was evaluated by a standard technique [9] with an uncertainty of 5-7%. In addi tion, we calculated the fracture toughness (cracking resistance), K Ic , from the average length of radial cracks using the relation [10] where E is Young's modulus (1.5 × 10 11 Pa for silicon) and L is the crack length. The uncertainty in our K Ic measurements was 8%.
RESULTS AND DISCUSSION Investigation of the physicomechanical properties of the epilayers showed that they had sharp indents similar in shape to a square, which indicated that there was no anisotropy (Fig. 1) . Any steps suggesting inho mogeneous deformation were not detected. Indenta tion led to active cracking near both the corners and sides of the indents. For this reason, cleavage typically took place not over the entire indent side (Fig. 1b) . At the indentation loads used, no complete breakdown of indents was detected. The light halos around the indents are most likely due to so called "beads," which were produced by the material displaced by the indenter. The bead size increases considerably with increasing indentation load.
In contrast to single crystal silicon [11] , the single crystal GaP wafers used exhibited no near surface hardening effect: Н was essentially independent of indentation load (Fig. 2, curve 5) . At the same time, near surface hardening was found in both the undoped and Dy doped epilayers (Fig. 2, curves 1, 2) .
Purification of the epilayers (curve 4) suppressed the near surface hardening effect and reduced the micro hardness value. Diffusion of Zn, a small sized dopant, had no drastic influence on the near surface harden ing effect or microhardness value (cf. curves 2 and 3). The addition of Dy to a high temperature solution had a rather complex effect on the microhardness value of the epilayers grown from such high tempera ture solutions. Low Dy concentrations in the high tem perature solutions (0.05-0.2 wt %) led to a slight increase (just above experimental uncertainty) in the microhardness value of the epilayers (cf. curves 1 and 2 in Fig. 2) . At high Dy concentrations (0.9-1.5 wt %), the random microhardness distribution curves had two peaks (Fig. 3) , one very close in position to the peak in the distribution for the undoped epilayers and the other at considerably higher H values.
The microbrittleness (Z) of our samples increases with increasing indentation load ( Table 2 ). Similar behavior of Z is typical of elemental semiconductors, including silicon [12] . At high loads (1-2 N), the microbrittleness of the epilayers was lower than that of the substrate. Note also that the removal of process ing related impurities slightly reduced the microbrit tleness of the epilayers. This may be due to the lower microhardness values of these epilayers.
The fracture toughness, K Ic , of the epilayers also decreases with increasing indentation load ( Table 2) . The substrates and epilayers differed little in the above mechanical properties. The addition of Dy to a high temperature solution markedly reduced the fracture toughness and effective fracture energy, which was best seen at low indentation loads (0.50 N). High Dy con centrations in the high temperature solutions (0.9-1.5 wt %) led to a sharp increase in the scatter of both K Ic and Z (by up to 30-40% at the highest Dy concen tration of 1.5 wt %), which is attributable to the inho mogeneity of the samples. This hindered analysis of the present experimental data, so Table 2 presents no data for these samples.
The experimental results obtained can be inter preted as follows: Indium is an isovalent impurity in GaP and substitutes for gallium atoms in the gallium sublattice. The covalent radius mismatch between In Fig. 2 . Microhardness as a function of indentation load for (1) a GaP epilayer, (2-4) GaP〈Dy〉 epilayers, and (6) a substrate. The numbers of the curves correspond to the numbers of the samples in Table 1 . and Ga gives rise to elastic stress in gallium phosphide, leading to an increase in bond length and, as a conse quence, to a reduction in the microhardness of the epilayers grown from indium based high temperature solutions. A reduction in microhardness on doping with isovalent impurities was also observed in Si〈Ge〉 single crystals [13] and silicon epilayers grown from tin based high temperature solutions [14] . The insig nificant difference in microhardness between GaAs single crystals and epilayers reported by Arbenina and Kabanova [5] was probably due to the fact that they grew epilayers from gallium based high temperature solutions.
Rare earth metals in high temperature solutions of III-V compounds effectively react with Group VI impurities (in particular with sulfur, a major impurity in the substrate material) and react less actively with Group II and III elements [3] . Moreover, the lan thanides readily react with Group IV impurities (car bon and silicon) to form slags, which are rejected to the melt without penetrating into the solid phase [15, 16] . This facilitates the removal (gettering) of process ing related background impurities (predominantly Si and C) and donors (sulfur and tellurium) from III-V epilayers and single crystals. On the other hand, at high lanthanide concentrations in high temperature solutions, rare earth-impurity complexes can be incorporated into the epilayer in the form of second phase inclusions up to 10 µm or even more in size [2, 12] , leading to dislocation generation around such inclusions and, accordingly, to an increase in micro hardness.
The effect of a lanthanide on the microhardness of GaP strongly depends on its localization in the lattice of the epilayer. Dy interstitials are expected to contrib ute to the hardening of epilayers because interstitials are known to increase the microhardness of semicon ductors [17, 18] . Substitution of rare earth atoms for gallium atoms increases the concentration of gallium interstitials, Ga i , which is also expected to increase the microhardness. On the other hand, substitution of lanthanide atoms on the gallium or (less likely) phos phorus site increases the lattice parameter of the mate rial because of the dopant-host size mismatch, which must reduce the value of Н.
The dopant-host size mismatch is expected to give rise to elastic stress, which may have a significant influence on the defect-impurity system of the crystal and, accordingly, on its microhardness. Moreover, the gettering of processing related impurities by lan thanides should be taken into account. Processing related impurities are known to increase the strength of single crystals and epilayers of semiconductor mate rials [5, 17] . It is therefore reasonable to expect that the removal of such impurities will lead to a drop in microhardness. Indeed, we observed a decrease in microhardness upon purification in the extrapure GaP〈Dy〉 epilayers (Table 1 , sample 4), which were obtained after the reactor had been reassembled and the supersaturated high temperature solution was repeatedly (up to five times) heated at 975°C (in order to remove volatile background impurities) (Fig. 2,  curve 4) .
When analyzing the present experimental data, we should take into account all the possible mechanisms, indicated above, behind the influence of lanthanides on the strength of III-V epilayers. The contribution of each mechanism depends on epilayer growth condi tions. Eventually, rare earth metals may both increase and decrease the strength of epilayers. This accounts for the fact that there are contradictory experimental data reported by different groups as to the influence of lanthanides on the microhardness of III-V epilayers. The slight increase in the microhardness of GaP〈Dy〉 in our experiments is most likely due to the fact that the rare earth atoms reside predominantly in intersti tial sites. This effect is typical of semiconductor single crystals [3] .
High rare earth concentrations (~1 wt %) in the high temperature solutions lead to the formation of micron sized second phase inclusions (rare earthimpurity complexes) in the epilayers [2, 5] . In the presence of a second phase, the random microhard ness distribution curve has two peaks (Fig. 3) . Note that the random microhardness distributions of semi conductors containing second phase inclusions have two peaks rather frequently (see, for example, Brinkevich et al. [19] ). One peak is close in position to the peak in the H distribution for undoped epilayers, and the other occurs at considerably higher H values. The former peak is due to regions where the lan thanide concentration is low. The slight shift of this peak to lower H values (Fig. 3) in comparison with the peak in the microhardness of the undoped epilayers is due to the gettering effect of the rare earth element. As pointed out above, this effect should lead to a drop in the strength of epilayers. The latter peak is due to rare earth inclusions. Dislocation generation around such inclusions leads to an increase in microhardness in these regions.
Note that Arbenina and Kabanova [5] also observed two peaks in the random microhardness dis tribution of GaAs epilayers grown from high temper ature solutions containing 0.83 wt % Yb or more. The position and height of one of the peaks (which wee assume to be due to rare earth inclusions) depended on the lanthanide concentration in the high tempera ture solution. This finding was not interpreted by Arbenina and Kabanova [5] .
The near surface hardening effect in the GaP epil ayers studied here is most likely due to the increased concentration of processing related background impurities near the surface of the epilayers. This is evi denced by the fact that no such an effect was found in sample 5 (Table 1) , prepared using additional purifica tion techniques. Note that interstitial processing related background impurities increase the micro hardness of silicon single crystals [17] . The consider able increase in the inhomogeneity of the distributions of processing related background impurities and dopants upon the addition of rare earth metals to the high temperature solution is most likely responsible for the reduction in the fracture toughness K Ic and effective fracture energy of the GaP〈Dy〉 epilayers ( Table 2) .
As to the insignificant effect of Zn dopant diffusion on the strength of the GaP epilayers, it is worth point ing out the following: Microhardness is an integral characteristic of the defect-impurity system. As shown by Aleshin et al. [20] from analysis of photolu minescence spectra of GaP〈Dy〉 epilayers, zinc diffu sion had little effect on the defect-impurity system of the epilayers. For this reason, diffusion doping with zinc (Table 1 , samples 3, 4) had no significant effect on the microhardness of our epilayers.
CONCLUSIONS
The present results demonstrate that the growth of GaP epilayers from indium based high temperature solutions leads to a reduction in their microhardness, microbrittleness, and fracture toughness.
The addition of Dy to a high temperature solution has a complex effect on the strength of the epilayers. Low dysprosium concentrations may both reduce and increase the microhardness of the epilayers, depend ing on epitaxy conditions.
The random microhardness distribution of the samples containing Dy inclusions has two peaks: one due to the Dy inclusions, and the other due to the region with a relatively low lanthanide concentration.
